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I. Introduction

The general goal of this project is to study the implications of the

large scatter associated with composite strength properties to the reliability

of aircraft structures. Certain components of an aircraft are considered as

arranged either in series, or in parallel. Based on realistic distribution

parameters for composite material, the reliability of a fleet of aircraft is

calculated. Emphasis is put on static strength but implications to fatigue

life are discussed briefly.

For metal structures , the main concern on reliability is fatigue failure,

not static failure. This is because reliability is the problem only when the

failure life , or strength, has a large scatter. If the material behaves in a

deterministic way, where values of failure stress and fatigue life are finite

numbers for all specimens in the same population, there would be no reliability

problem. The deterministic way of specifying limit load, allowable stress, and

factor of safety would be sufficient.

For metal, the scatter in static strength is small, with Weibull shape

parameter larger than 20. The scatter in fatigue life, on the other hand, is

large, with shape parameter in the range of 2 to 5. Therefore, for metal,

fatigue reliability is of• most concern; static load poses no serious reliability

problem.

For composite materials , however, the scatter for both static strength

and fatigue life is large (see Fig. 1). The shape parameter for composite

static strength is in the neighborhood of lO)and less than two for composite

fatigue life. Thus, it is necessary to study the reliability of both static

failure and fatigue failure for composites.

1
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In Section II, a brief review of the current status of structural re-

liability is given. A few points particularly relevant to this study are

mentioned . Section III gives the static load reliability . Parametric cal—

• culations are made with series—parallel arrangements. The parameters used

are the number of components in an aircraft and the number of aircraft in a

fleet. A factor of safety is def ined and its values calculated . In Section

IV, a brief account of fatigue case is presented. Conclusions and recomeenda—

tions are given in Section VI.
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II. Current Status of Structural Reliability

A detailed review of current structural criteria as specified by the

• Department of Defense, as well as a few proposed approaches to the structural

criteria for composite material airframes is given by Manning, et al. [1].

The current USAF structural requirement, as contained in MIL—STD—1530, [2] ,

and MIL—A—8860, [3], is explained in a paper by Raviland and Tiffany [4].

- - Recently, Weinberger, Somoroff and Riley [5] presented the criteria for Naval

production composite aircraft structures. We shall mention here a few of the

points in these criteria that are relevant to this study.

The current criteria are basically deterministic, and are originally for

metal structures. For static loads, the limit load is defined as the maximum

operational load expected to be encountered. The ultimate load is equal to the

limit load times a factor of safety, which is generally not less than 1.5.

Two allowable stresses are used (MIL—HDBK—5) [6] ,  for primary structures the

“A” allowable is used , (at least 99% of the population must have values above

the A—allowable with 95% confidence). For secondary structure, the B—allowable

is used, (at least 90% of the population must have values above the B—all ,wable

with 95% confidence). The material yield allowable stresses shall not be

exceeded at the limit load level; the material must sustain ultimate load without

failure. The fatigue load spectrum should be based on the planned operational j
usage of the vehicle. The fatigue life of the structure must exceed one ser—

vice life—time multiplied by a scatter factor. The scatter factor used by the

USAF is 4, or larger, under average load spectrum. The U.S. Navy uses a

scatter factor of 2 under extreme load spectrum.

3 
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The cur ant criteria recognize that aircraf t structure has small flaws,

defects, and cracks at delivery . To ensure that the structure will last the

required service life, two damage tolerant design approaches are available,

the fail—safe approach , and the slow—crack growth approach.

— In the fail—safe approach, unstable crack growth is locally con-
tained by multiple load paths, or crack stoppers.

— In the slow—crack growth approach , the cracks are prevented from
attaining the critical size for unstable rapid propagation during
the life of the structure, or between inspection intervals.

Among the few proposed structural criteria , we shall mention the concept

of “time—to—first failure” proposed by Freudenthal [7) [8), and the concept

of treating the reliability at three levels: the components , the structure,

and the fleet, as proposed by Rogers , et al. 19] (the so—called NASA Monograph

Rationale) .

Freudenthal’s concept is that among a fleet of identical aircraft , the

first catastrophic failure of one aircraft is of most concern. Therefore, the

expected time to first failure is used instead of the current practice

mean time to failure. The reliability of the fleet is dependent on the fleet

size. If each aircraft in the fleet has a fixed and identical reliability,

then the larger the fleet size , the smaller the expected time to first failure,

which can be calculated by the weakest—link theory, or extreme—value distribu—

tion theory.

In Roger ’s approach, the reliability of the fleet is calculated from that

of the aircraf t, which in turn is calculated from the reliability of the compo-

nents of the aircraft. (It also stipulates that the component can be further

divided into subcomponents and elements. The method of calculation from one

4
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le”e]. to the next is always the same). The reliability of the fleet is calcu—

lated by the weakest—link theory; if one of the aircraft in a fleet fails, the

fleet is considered “failed .” We shall call this an in—series model. They

treated the relation between aircraf t reliability and the component reliability

in the same manner , that is , if one component fails , the aircraft is considered

failed. This is again an in—series model . No redundant component is considered.

Nor are fail—safe measures, such as multiple load path and crack stoppers, con-

sidered in the reliability calculation.

We may also mention that the concept of treating reliability by levels of

aircraf t, component, subcomponent and element is used by the Navy and mentioned

by Weinberger, Somoroff , and Riley in [5]. Other pertinent work on aircraft

reliability may be found in Ref s.CL0]— [l3]. In[13], Lemon and Manning give a

brief overview of the structural reliability problem, and a list of selected

references. This list includes all relevant articles on structural reliability

up to 1914 .

5
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III. Static Load Reliability

For this study , we shall consider a fleet of n aircraft. We are inter-

ested in the weakest aircraft in the fleet. We shall calculate, with a certain
p

reliability (say 95%), the strength of the weakest aircraf t; or the load that

will fail the weakest aircraft with 95% probability .

We shall study the strength of a primary structure of the aircraft, such

as wing torque box, stabilizer, or fuselage. Failure of this structure is con-

sidered fatal to the aircraft. This structure consists of a components.

For the wing torque box, the components could be the spars. Figure 2 shows a

typical wing box structure of the advanced Harrier and its spars • For simplicity,

we shall assume the in components are arranged either in—series, or in—parallel.

For the in—series arrangement, if one component fails, the whole structure and thus,

the aircraft fail. In the in—parallel case, if one component fails, the other

components can still support the load. The parallel arrangement is essentially

the. multiple—load path, crack stopper, or redundancy approaches in “damage toler-

ance.” In actual cases, the components are in a combination of series-parallel

arrangements. For instance, the spars of the Harrier wing torque box can sus—

tam the limit load after one auxiliary spar fails. We shall also assume the

load is of a fixed value (deterministic) and the components are independent. A

summary of the series—parallel arrangement is given in Table I.

The strength of the component is assumed to be of two—parameter Weibull

distribution, or

~ P(E ~~a) 1 — exPI_ (~
_)°] (1)

r where
E — component strength random variable
a— v a lue of E -

‘ 1 F — cumulative distribution function

P — probability
scale parameter (characteristic strength of component)

a shape parameter
6
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If the a components are in—series, the distribution of strength of the structure

is

fo~~F
~~

(a) 1 — expE— in 
~~

— 1 (2)

If the a components are in—parallel the strength distribution of the structure

cannot be expressed in simple form. For small values of a, the exact distribu-

tion can be calculated numerically. In Ref . [14], equations for the distributions

for values of m up to seven are presented; they are based on the uniform sharing

of load by surviving components (no stress—concentration).

In Ref. [15], the bundle strength distribution has also been expressed in

a recursion formula, (Eq. 9.2). We have used this formula and calculated the

in—parallel distribution for values of a up to 20. For the case of in 50, we

used the simplified large bundle equation of Daniel. Symbolically , we may ex-

press the strength distribution of a structure with in in—parallel components as

F
~~
,(a) — function(a aB,m)

The strength of the aircraft will be considered the same as the strength

of this structure. We are interested in the weakest in a fleet of n aircraft.

The distribution of strength of this weakest aircraf t in terms of the parameters

of the component is

FEmu — 1 — exp[— mn
(f~)’ 1 (4)

for a in—series components , and

F , — 1 — (1 — F ~ (~~)] fl (5)E m n  Em

for a in—parallel components.

For a certain value of reliability, the strength of the weakest—of—the—

fleet can be calculated. We shall consider 95% reliability in this derivation.

7
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Let

a — strength of the weakest aircraf t in thewf (6)fleet with 95% reliability,

then, for the in—series case,

or 

F
z 

= 0.05 — 1 - exp[— mn (_~i)] (7)

- J~. (1)
1 

(8)

For the in—parallel case,

[1 — FE ,  ~~~~~1
n 

— 0.95 (9)

In f igures 3, 4, and 5 we have plotted the cumulative distribution of

strength of the component F
~
, with a — 10. Also plotted are the strength

distribution of the aircraft with seven components either in—parallel, FEin,,

or in—series, F . The distributions of the weakest of 100 aircraf t, FEm

and F , , are shown in Figures 4 and 5.E m n
Calculations of a~~/ cJ~ are made for a — 2,5,10, and 20 and a — 7,20,

and 50 for both in—series and in—parallel arrangements. These results are

plotted in Figures 6 to 11 as versus curves.

In order to gain more insight, let us define a Factor of Safety (F.S.)

as
a0 9 5Factor of Safety — (10)
aWf

where a0 9 5  is the strength that 95% of the component will exceed, or

— ] . (11)

a
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It may also be considered as the allowable stress of the component. In general,

a designer will use this as the strength , and will not apply a stress that will

exceed this. Now, due to the series arrangement of the aircraft in the fleet,

the weakest of the fleet has a strength much less than the 95% reliability

strength of the component, a0 95
, or a~~ < 

~0 9 5~ 
The ratio a0 95/O~~~ which

we call P.S., is the factor of safety required, such that no failure of the

fleet would occur with 95% reliability. Looking at it another way, if the

applied stress is restricted to

applied stress < a
095

/F.S.

then
applied stress <

This would assure that no failure of the fleet with 95% reliability.

We have used 95% reliability for illustration purposes. For other values

of reliability, such as 99% , similar calculations can be made.

The factor of safety as defined above is plotted as a function of n in

Figures 12 and 13. We have used in — 7, or seven components in the structure,

which closely simulates the eight spars in the Harrier wing torque box. In

Figure 12, a value of a — 20 is used, which is representative of the shape

parameter of static strength of metal structures. Two curves are plotted, one

for in—series arrangement, one for in—parallel . As ment ioned before , the actual

arrangement is a combination of these two, represented by points within the

area between these two curves. It can be seen that the present practice of using

a factor of safety of 1.5 is sufficient to ensure no failure for a few thousand

aircraft in the fleet .

The dotted line in Figure 12 is plotted with the assumption that the shape

parameter of the aircraft is the same as that of the component . It may also be

considered as an aircraft with only one component. The characteristic strength,

9
I
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is used in the formula, instead of the 95% reliable strength a0 9 5 .

It can be seen that a larger factor of safety would be required in this case.

We labled this curve by Freudenthal, because it follows the basic approach

he used for the fatigue case.

Figure 13 shows similar curves for a shape parameter of 10, typical for

strength of composite materials. Here, a factor of safety of 1.5 is adequate

for a few thousand aircraf t in the fleet if the components are essentially

in—parallel. Thus, it is seen that it is more important to have multiple load

path, or crack stopper in composite material structures than in metal structures.

10 
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• IV. Advantage of In—Parallel Arrangement

From an engineering point of view, it is obvious that a structure with

multiple load path is more desirable than a structure with a single load path.

The former is “fail—safe ”; after one load path fails, the rest of the structure

can still support the load. Statistically, this is the in—parallel arrangement. 
- 

-

The single load path structure is an in—series arrangement. The advantage of the

in—parallel arrangement can be expressed in quantitative terms. There are

two advantages, first, the structure with parallel components has a higher value

of shape parameter than the component . In other words , the structure has less

scatter in its strength value. This is shown in Figure 14, where the shape

parameter of the aircraft (or structure) is plotted in terms of the number of

components , for both in—series and in—parallel arrangements. It can be seen

that for the series arrangement the shape parameter remains unchanged . For the

parallel case, the shape parameter increases with the number of components .

This high value of shape parameter will increase the strength of the weakest air-

craft in the fleet. Note that the strength distribution of the aircraft with

parallel components is not a Weibull distribution, and does not have a clearly

defined shape parameter. Here, we have calculated the coefficient of variation

of the aircraft strength distribution and used the formula curve in Figure 1

to get a value of an equivalent shape parameter for comparison.

The second advantage of the parallel arrangement is that the high reliable

strength (95% or higher) of the structure may be larger than that of its component.

In general, the characteristic strength of the structure is smaller than that

of its component, as can be seen from Figure 3. However, for certain values of

a and m, the 95% reliable strength of the structure may be higher than the

~O 9 5  of the component.

11
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In Figure 15, it can be seen that for a — 10 and in — 100, the value of the

95% reliable strength of the aircraft , a c~ 
is larger than a~ 

~~ 
For a

: 1 value of component shape parameter a of 2, the 95% reliable strength a~~ is

always larger than a
~ ~~ 

(~ a for in — 1), as shown in Figure 16.

To si~~ arize, the parallel arrangement has less scatter (steeper cumulative

distribution curve), and has a larger 95% (or 99%) reliable strength, as com-

pared to the component .
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V. Fatigue Reliability

For the in—series arrangement, the formulas for the fatigue case are the

same as those for the static case. For the parallel arrangement, the fatigue

situation is more complicated than the static case. We shall present here 
• 

-

results of a preliminary investigation.

We assume that the S-N
6 
curve of the component is known, where S is the

maximum stress of the fatigue load and N
6 
is the characteristic value of the

fatigue life. Also, the life distribution at a given stress level is assumed

to be a two—parameter Weibull, or

F (N) — 1 — exp ( — (N)~~
B

For simplicity, we shall also assume that the shape parameter is the same at

all stress levels, and only the scale parameter , or characteristic life N 6,

changes with the stress level.

Figure 17 shows a typical S—N curve . Let us consider a structure withB
seven components in parallel . Under the initial stress S , the characteristic

life of the components is N
6
. After one component fails, the stress level is

increased to 7S/6, and the corresponding characteristic life is N
6 

. After

three component failures, the stress in the remaining is 7S/4, and the

characteristic life N
6
3. With this information, and the recursion formula given

by Daniel, we have calculated the life distribution of the aircraft with in • -

component either in—series, or in—parallel. The life of the weakest in a fleet

of n aircraft is also calculated.

We shall define the Scatter Factor (S.F.) as •

S.F. —

13
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where
N0 ~~ 

— 95% reliable life of the component

N — 95% reliable life of the weakest in a fleet of n aircraftwf

Note that Freudenthal used the characteristic life N
6
, instead of N0 95 , as his

definition of scatter factor , and he did not consider the aircraft as consisting

of a components. He used a shape parameter of 4 for the aircraft fatigue life,

which is overly conservative. The shape parameter for metal specimens is around

4; the shape parameter of the aircraft with more than one component in parallel

must have a shape parameter of more than 4.

In Figure 18, we have plotted the scatter factor for seven components with

a shape parameter of 4. In this case, the series and parallel arrangement

curves are not distinguishable. For a fleet of 100 aircraft, from our analysis

an S.F. of 5 would be adequate, whereas Freudenthal’s approach requires a value

of 7. In Figure 19, we have plotted the S.F. for 20 components. For a fleet

of 100 aircraft , a S.F. of 4 is just adequate for the in—parallel arrangement. 
-
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VI. Conclusions and Recoimiiendations

1. In comparison with metals, composite materials have more scatter in

- 
- 

j  

static strength and fatigue life. Thus, more extensive statistical study is

needed for reliability of composite structures, than for metals.

2. The current damage tolerance design i” using multiple load paths and

crack stoppers is statistically in—parallel arrangement of components . The

reliability of aircraft structures with this type of design can be calculated

quantitatively, and should be done in the future.

3. Freudenthalwas overly pessimistic. He did not realize the benefit of

the in—parallel arrangement . The shape parameter of the structure can be

larger than that of the component . Unnecessarily high values of scatter

factor are not needed.

4. A large panel can be considered as made up of many small “coupons.”

These coupons are in a combination of series—parallel arrangements. The shape

parameter of the panel most likely is larger than that of the coupon . This

effect should be studied.

t i~
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• Inboard Torque Box of
Harrier Wing with 8 spars
(3 primary , 5 auxiliary)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Structure —

\
N

Components — spars

• 
_

Figure 2. A Typical Primary Structure (Wing Torque Box) of
the Advanced Harrier, and itsComponenta (-spars).
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Governmen t Activitics

No. of
Copies

NAVAIR SYSCOM, (AIR-950D) , 2 for retention , 2 for AIR-530 ,
1 for AIR-320B , AIR-52032D , AIR-5302 , AIR-5302 1,
AIR-5302 15) 9

AFFDL , WPAFB , OIl 45433
(A t t i  : FRE / M r .  I’. A. I’. rm Is..y ) I
(Attn : FBS/Nr. L. Kelly)  . . . . . . .. . . . •  1.
(Attn : FBS /Mz- . C. Wallace) - I
(At tn : FB C/Nr. J. Wood) 1
(Attn : AFM L/NBN Dr. S. Tsai 1
(At tn :  AFNL/LTN Mr. R. L. Rapsort) 1

A FOSR , Washington , D.C . 20333
(A t trt : Dr. W.  Walker) 1

DDC 12
FAA , Airframe s Branch , FS—1 20 , Washington , D.C . 20553

(Attn : Mr. J . Dougherty ) 1
NAEC , Lakehurst , NJ 08753

(Attn :  MR . 0. W . Nesterok/Code 92713) 1
NASA (ADM), Washington , 0. C. 2054 6

(Attn : Secretary) 1
NASA , George C. Marshall Space Fligh t  Ccnte r , h u n t s v i lle ,

AL 35812
(Attn : S&E-ASTN -ES/Mr . E . E .  Engler)  1
(At tn : S&E-ASTN4I/l ’lr . R . Schwingharner) • . • • •. .• . •.  1
(Attn :  S&E-ASTN -MNN/Dr. J . M. S tuckey) 1

• NASA , Langley Research Center , Hamp ton , VA 23365
(A t tn : Mr . . J. P. Peterson , Mr. R.  Pride , and Dr. H. Card ) • 3

NA SA , Lewis Research Center , Cleveland , OH 44153
(At tn ; Technical Library , and H. Hershberg) . . • 2

NAVPGSC HL , Monterey , CA 95940
(Attn : Prof.  R. Ball , Prof . H. H. Bank ) 2

NAVSEA SYSCOM , Washington , D.C.  20362
(Attn : Code 035 , Mr. C. Pohler) - • 1

NAVS EC , Hyat tsvi l le , MD 20782
(Act n: Code 6101E03, Mr. W .  Craiicr) 1

NAVShh[i’RANJ)C I~N, lIe iI,t’gda , i’ll) 20034
(A t t n :  Code 173 .2 , Mr .  W • P . (~~i ucI~) I

NAVSH IPR ANDCEN , Annapolis, MD 21402
(At tn : Code 2870 , Mr. H . Edclste in) 1

NOL , White Oak , MD 20910
(Atcn : Mr.  L~ • K. Ilarnct) 1

NRL, Washington , I) . C. 20375
(Attn :  Dr . 1. W o l o c k ) . . . .  I 
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Government Activities (Cont.)

CNR Washington, D.C. 20362
(Attn: Dr. N. Perrone) . • . . • . . •  1

PLASTEC, Picatinny Arsenal , Dover, NJ 07801
(Attn : Librarian, Bldg. 176, SARPA-FR-M-D and Mr. H. Pebly) 2

Scientific and Technical Information Facility, College Park , MD
(Attn: NASA Representative). . . • • 1

USAAVMATLA B , Fort Eustis, VA 23603
(Attn: Mr. R. Beresford)  I

- USANATRESAG , Watertown , MA 
-

(Attn: Dr. B. Lenoe) 1.
USARE SOFC , Dur ham , NC 27701 I.

- 
Non-Government Agencies 

- 
-

Avco Aero Structures Division, Nashville, TN- 37202
(Attn: Mr. W. Ottenville) 1

Battelle Columbus Laboratories, Metals and Ceramics Information
- Center, 505 King Avenue, OH 43201 1

Bell Aerospace Ccmpany, Buffalo , NY 14240 
-

(Attn : Zone 1-85, Mr. F. M. Anthony) 1
Bell Helicopter Company, Fort Worth, TX 76100

(Attn: Mr. Charles Harvey)  1
Bendix Products Aerospace Division, South Bend, IN 46619

(Attn : Mr. R. V. Cervelli).. . . • 1
Boeing Aerospace Company, P .O. Box 3999, Seattle, WA 98124

(Attn : Code 206, Mr. R . B. Horton) 1
Boeing Company, Renton, Washington 98055

(Attn: Dr. R. June) 1
Boeing Company, Vertol Division, Phila., PA 19142

(Attn: Mr . R. L. Pinckney, Mr. D. Hoffstedt) . . . . - • • • 2
Boeing Company, Wichita, KS 67210 (Attn: V. Reneau/MS 16-39) 1
Cabot Corpora tion, Billerica Research Center, Billerica, MA

01821 . . . • . • . • . • 1
Drexel University, Phila., PA 19104

(Attn: Dr. P. C. Chou) • . . . . • . . . . .  I
E. I. DuPon t Company, Wilmington, DE 19898

(Atm : Dr. J. Pigoiacampj) I
I?.,LrcI)ild I ndIusIri .eH , hI :,~ crs Lown , MI) 217li0

(A tLn : Mr. I) . Ih,c k) I
Georgia Institute of Technology, Atlan ta , GA

(A m tn : Prof .  W. II. Horton ) I
Geiicra l I)ynamics/Conv;iir , San Diego , CA 92138

(A L L i M r .  I) • I~ . Utis i  h;i r , W . G. Schcck ) 
General Dynamics, Fort Worth, TX 76101 -

(A t th :  Mr . p . J)• Shockey, Dept. 23 , Mail Zone P-46) 1
General Electric Company, Phila., PA 19101

(A ttn : Mr. L. McCreight) . • I
Great Lakes Carbon Corp., N.Y., NY 10017 -

(Attn: Mr. W. R. Benn, Mgr., Mar!.-e~ Development) .  .  .  1
School of Engineering &nd Applied Science , Materials

Research Laboratory, Washington University, Campus
Box 1087 , St. Louis, MO 63130 (A ttn : T. Hahn) 1

2

- - -  
_ _ _  

_ _ _ _- a-I~a~ a a- -- -- 
a-a 4~ _a~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~ -



__________________________ ____________ 
__________________________________ a--U _-a------ -a- a- U

- - ______ 

NADC-78094-60

Non —Govcrnmen C Agencies (Con c .)

Grumman Aerospace Corporation ) lle th pago , L . l .,  N Y 11714
(Attn : Mr. R. Hadcock, Mr. S. Dastin) 2

Hercules Powder Company , Inc .,  Cumberl and , MD 21501
(Attn : Mr. 0. Hug) 1

H. I. Thompson Fiber Glass Company, Gardena , CA 90249
(A t m :  Mr. N. Myers) 1

ITT Research Institute, Chicago , IL 60616
(Attn : Mr. K. Itofar ) 1

J. P. Stevens & Co., Inc. ,  NY , NY 10036
(Attn: Mr. H. I. Shulock)  1.

Kaman Aircraft  Corporation , Bloomfield , CT 06002
(Attn : Tech. Library) .  I

Lehigh University , Hethiehem , PA 13015
(Atta : Dr.  C. C. Sill) I

Lockheed-Californ ia Company, Bur bank , CA 91520
(At tn : Mr. E. K , Walker , R. L. Vaughn ) 2

Lockheed-Georgia Company, Mariet ta , GA 30063
(Attn .: Technical Informa tion Dept .,  Dept. 72-34 , Zone 26) . - 1

LTV Aerospace Corporation , Dallas , TX 75222 -

(Attn : Mr. 0. E. Dhonau/2-53442 , C. R. Foreman ) 2
Martin Company, Baltimore , MD 21203

(Attn : Mr. J. E. Pawken ) 1
Materials Sciences Corp., Blue Bell, PA 19422 . . . .  1
McDonnell Douglas Corporation , St.  Louis, MO 63166

(Attn : Mr. 0. 8. Mc Bee , C. S tenberg, R . Garret) . - 3
McDonnell Douglas Corporation , Long Beach , CA 90801

(Attn : H. C. Schjulderup , G. Lehman ) 2
Minnesota Mining and Manufacturing Company, St. Paul , MN 55104

(Attn : }lr. W. Davis) 1.
Nor throp Aircraft Corp., Norair Div., Hawthorne , CA 90250

(Attn: Mr. R. D. Hayes, Mr. D. Stai’isbarge.r, Mr. 8. C. Isetnami,
Mr.  J. Labor) . . . .  4

Rockwell International, Columbus, OH 43216
(Attn: Mr. 0. C. Acker, R. Gehring) 2

Rockwell International, Los Angeles, CA 90053 (Attn : Dr. L. Lackman) I
Rockwell International, Tulsa, OK 74151

(Attn : Mr. E. Sanders, Mr. J. H. Powell)  .  .  2
Owens Corning Fiberglass, Granville, OH 43023

(Attn: Mr. D. Mettes) .  •  I
Rohr Corpora tion, Riverside, CA 92503

(Attn: Dr. F. Riel and Mr. 8. Elkin) 2
Ryan Aeronautical Company, San Diego, CA 92112

(A ttn: Mr. R. Long). . . . . . . -
. . . .  1

Sikorsky Air craf t, Stratford, CT 06497
(Attn : Mr. J. Ray) . . . . . . . . . . .  •   I

University of Oklahoma , Norman , OK 93069
(Attn : Dr. C. H. Nordby)  1

Union Carbide Corpora tion , Cleveland , OIL 44101
(Attn : Dr. H. F’. Volk) . . . . . . . . . - . . . . . . . . .  1.

University of Wyoming, Laramie , WY 8207] (A t t n :  Dr .  I) F. Adams) I
Dr. K. Reifsnider , Virginia Tech , iilacksburg, VA 24061 I
Composimek Engineering Corp . ,  6925- 1 Aragon C i r c l e , Buena l’ark , CA

90620 (A t tn : M r .  J. V. Noyes) 
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